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‘i engineer is often confronted with the prob- 
lem of finding a mathematical model for some physical 
system whose behavior has to be studied. Generally, 
the problem is to find the relationship of ‘‘output’’ to 
‘‘input’’ for the system, the output and input almost always 
being information of some sort. This is self evident for 
something of the nature of a communication system, but it is also 
true of systems such as production lines. For instance, a 
machine making screws can be considered to have desired size 
and thread fit as the input, and actual dimensions and 
scrap rate as the output. 

Two distinct methods of analysis are available: amplitude-frequency 
and amplitude-time. The classic approach is the amplitude-frequency 
plot. The elementary circuit analysis method in which capacitors are 
; considered to have an impedance 1/iwC and only inputs of the form 
' A cosot are considered is an example of the amplitude-frequency approach. 
The mathematical tool applicable is the Fourier series, with more realistic 
inputs being considered as a synthesis of a number of sine and cosine waveforms. 
For single pulse inputs this method leads to some very difficult mathematical problems. 
Amplitude-time analysis methods have become increasingly popular in recent years. 
This approach to system behavior is inherently more realistic in many cases, as 
it describes the input and output amplitude changes in real time. Laplace (or Heavi- 
side) transform is the mathematical method, and inputs which change suddenly or have 

strange non-recurring waveforms can be easily described analytically. 
Very recently, statistical methods have been applied to the analysis of servomechanism behavior. 
These are basically amplitude-time methods, but are at present of rather limited application. 
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The two methods of systems testing which arise from 


oe 


these analysis methods are ‘‘swept sine wave’’ and 


‘‘pulse.’’? The swept sine wave is the familiar ap- 
proach of plotting output amplitude and phase 
against input for a sine wave with variable frequency. 
With pulse testing, output is measured for an input 
which consists usually of a train of pulses of suitable 
waveform spaced far enough apart in time so that the 
output due to any one pulse has died away before 
another pulse is applied. This is now the usual method 
for testing communication systems, and is frequently 
used in the study of servomechanisms. 

For a ‘‘linear’’ system (i.e., one in which no ampli- 
tude distortion occurs) the results of either test 
method are deducible from those of the other, but real 
physical systems are often not even approximately 
linear. Then judgment and trial-and-error are needed 
to show which approach will give the most useful 
results. 


Mueh of the effort which has been put into the 
mechanical testing of tubes has been by the ampli- 
tude-frequeney system. Most special purpose tubes 
have specifications for behavior under sinusoidal vi- 
bration, often with the frequeney swept over a wide 
range. A plot is obtained of output voltage against 
vibration frequeney at a fixed peak aeceleration, which 
can then be interpreted by a customer in terms of the 
known vibration environment of his equipment. Swept- 
frequency tests generally take considerable time and 
need skilled interpretation. These are often objec- 
tionable requirements. Another objection often made 
to this type of test is that in real life, with a system 
which may be non-linear, all the important vibration 
frequencies are usually present simultaneously, so 
that the summation of results from separate applica- 
tion of each frequency may not cause the same be- 
havior as tubes will have in use. Indeed, the mechan- 
ical behavior of tubes is not linear. 

Two methods of applying a large number of fre- 
queneies simultaneously have been used : random noise 
excitation and ‘‘shoek’’ testing. Tubes are vibrated 
with a signal derived from a ‘‘white’’ noise gener- 
ator, which excites all frequencies equally. The draw- 


back is the same as with ‘‘hi-fi,’’ namely that pro- 


hibitively large power reserves are needed in the 


Figure 2 


generator so that oceasional random peaks are not 
distorted by overloading of the vibration equipment. 

The other method, shock testing, is beeoming in- 
ereasingly popular. This is an amplitude-time ap- 
proach, and means the subjection of the component 
under test to a sudden ehange in speed. The shock 
in question is then the aeceleration-time waveform of 
this speed change. It will be seen that in general three 
quantities must be specified to describe a shock pulse 
completely, one of which must always be the wave- 
form. The others ean be the peak height and dura- 
tion, the area and duration, or the area and peak 
height. The impulse is the only exception to the rule 
that three quantities must be specified to define a 
pulse. Only the area is specified for an impulse, as 
the duration is defined as being vanishingly small 
compared with the period of any resonant frequency 
of the object under test. 

Now, how ean it be said that changing the speed of 
a component suddenly is equivalent to vibrating it at 
a number of frequencies simultaneously? To show 
that the analysis that follows is not just a flight of 
fancy, imagine a golf ball full of small bells, each of 
a different pitch. Now if the ball is given some speed 
by teeing off, one ean imagine the bells all sounding 
as if they were being rung. 

More exactly, consider a large rigid mass to which 
a small object of mass m is attached by a spring of 
stiffness K. Then, if the accelerations of the large and 
small mass are considered, the electrical analogue of 
the system is as shown in Figure 1, in which ¢, is 
equivalent to the acceleration of the large mass M; 
{, is equivalent to the acceleration of the small mass 
m; L is equivalent to the spring compliance, 1/K; 
and C is equivalent to the small mass m. The transfer 
function of this electrical system is: 
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’ q Now take the acceleration waveform as being due to 
% decelerating the large mass from a steady speed V 
to rest with a constantly increasing foree, giving the 
aeceleration-time waveform shown in Figure 2. The 
equation of this line is t = (T/A)a. The Laplace 
transform can be found in the following fashion: the 
rising waveform has the transform (A/T) (1/s?), 
which is brought to zero at time T by a step —Ae*"/s, 
and maintained at zero by a falling waveform 


(-A/T) (e*T/s?). Thus, 


a * A et Ae* 
h@) =e a 
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The acceleration of the small mass during the shoek 
is given by: 


_. ~ -& F 
{,(s) = s?+o,2 T s2 
moth 1 


T  s2(s? + @2) 
{,(t) = _- (2s [w,t —Sin ont} ) 


= ie (ox —Sin ont ) 
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This is the original waveform with a sine wave super- 

imposed on it of amplitude proportional to the aecel- 

eration-time slope and inversely proportional to the 
| resonant frequency of the small mass-spring com- 
bination. 

For anyone who has seen the results of this analysis 
quoted without the detailed steps it should be ex- 
plained that as damage (or microphonie output) can 
normally only be caused by deflection of the spring, 
the At/T term is not part of the shock spectrum. A 
common confusion that arises from this is between 
transmissibility and potential damage. In any discus- 
sion of this type the original waveform should be 
subtracted from the spectrum obtained, unless the 
small object. itself is acceleration sensitive. 





For t greater than T, the new accelerations gener- 
ated by the end of the pulse are given by 


' @o” Ac? Ae 
o(8) = 32+ @,2 T s? S 


The first term is the same as the waveform during the 
pulse but of opposite sign. The second term is 


, @,2 Aes 
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that is, 


¢,{t) = 0,2 ( 5 E — Cos a, (t— 7) |) 


=-A + A Cos w, (t-T) 


The term —A cancels the value +A generated by At/T 
during the pulse, which reaches this value at t= T. 
Thus if the resonant frequency of the mass on the 
spring is high enough for (A/To,) (Sine,t) to be 
small compared with A Cos , (t —T), the acceleration 
of the small mass will simply be proportional to the 
peak height of the triangular shock. It will be seen 
that this is true whatever the resonant frequency may 
be, so that the large mass appears to have been vi- 
brated uniformly at all frequencies above some mini- 
mum. 

Other acceleration waveforms give similar results, 
with, however, widely different relations hetween reso- 
nant frequency and amplitude. Figures 3, 4 and 5 
show the acceleration-frequency relationship for half- 
sine, triangular, and rectangular acceleration shock 
pulses. The frequency ratio R is the ratio between the 
natural frequency of the small mass-spring system 
and the characteristic frequency of the shock pulse, 
=/T. The acceleration ratio is the peak acceleration 
of the small mass divided by the peak shock aceelera- 
tion. The triangular shape described is unique in 
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Figure 1 

The two methods of systems testing which arise from 
these analysis methods are ‘‘swept sine wave’’ and 
‘*pulse.’? The swept sine wave is the familiar ap- 
proach of plotting output amplitude and phase 
against input for a sine wave with variable frequency. 
With pulse testing, output is measured for an input 
which consists usually of a train of pulses of suitable 
waveform spaced far enough apart in time so that the 
output due to any one pulse has died away before 
another pulse is applied. This is now the usual method 
for testing communication systems, and is frequently 
used in the study of servomechanisms. 

For a ‘‘linear’’ system (i.e., one in which no ampli- 
tude distortion occurs) the results of either test 
method are deducible from those of the other, but real 
physical systems are often not even approximately 
linear. Then judgment and trial-and-error are needed 
to show which approach will give the most useful 
results. 


Much of the effort which has been put into the 
mechanical testing of tubes has been by the ampli- 
tude-frequency system. Most special purpose tubes 
have specifications for behavior under sinusoidal vi- 
bration, often with the frequency swept over a wide 
range. A plot is obtained of output voltage against 
vibration frequency at a fixed peak acceleration, which 
ean then be interpreted by a customer in terms of the 
known vibration environment of his equipment. Swept- 
frequency tests generally take considerable time and 
need skilled interpretation. These are often objec- 
tionable requirements. Another objection often made 
to this type of test is that in real life, with a system 
which may be non-linear, all the important vibration 
frequencies are usually present simultaneously, so 
that the summation of results from separate applica- 
tion of each frequency may not cause the same be- 
havior as tubes will have in use. Indeed, the mechan- 
ical behavior of tubes is not linear. 

Two methods of applying a large number of fre- 
quencies simultaneously have been used : random noise 
excitation and ‘‘shock’’ testing. Tubes are vibrated 
with a signal derived from a ‘‘white’’ noise gener- 
ator, which excites all frequencies equally. The draw- 
back is the same as with ‘‘hi-fi,’? namely that pro- 
hibitively large power reserves are needed in the 





Figure 2 
generator so that occasional random peaks are not 
distorted by overloading of the vibration equipment. 

The other method, shock testing, is becoming in- 
creasingly popular. This is an amplitude-time ap- 
proach, and means the subjection of the component 
under test to a sudden change in speed. The shock 
in question is then the acceleration-time waveform of 
this speed change. It will be seen that in general three 
quantities must be specified to describe a shock pulse 
completely, one of which must always be the wave- 
form. The others can be the peak height and dura- 
tion, the area and duration, or the area and peak 
height. The impulse is the only exception to the rule 
that three quantities must be specified to define a 
pulse. Only the area is specified for an impulse, as 
the duration is defined as being vanishingly small 
compared with the period of any resonant frequency 
of the object under test. 

Now, how e¢an it be said that changing the speed of 
a component suddenly is equivalent to vibrating it at 
a number of frequencies simultaneously? To show 
that the analysis that follows is not just a flight of 
fancy, imagine a golf ball full of small bells, each of 
a different pitch. Now if the ball is given some speed 
by teeing off, one can imagine the bells all sounding 
as if they were being rung. 

More exactly, consider a large rigid mass to which 
a small object of mass m is attached by a spring of 
stiffness K. Then, if the accelerations of the large and 
small mass are considered, the electrical analogue of 
the system is as shown in Figure 1, in which {, is 
equivalent to the acceleration of the large mass M; 
{, is equivalent to the acceleration of the small mass 
m; L is equivalent to the spring compliance, 1/K; 
and C is equivalent to the small mass m. The transfer 
function of this electrical system is: 
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Now take the acceleration waveform as being due to 
decelerating the large mass from a steady speed V 
to rest with a constantly increasing force, giving the 
aeceleration-time waveform shown in Figure 2. The 
equation of this line is t = (T/A)a. The Laplace 
transform can be found in the following fashion: the 
rising waveform has the transform (A/T) (1/s?), 
which is brought to zero at time T by a step —Ae~*"/s, 
and maintained at zero by a falling waveform 
(-A/T) (e*7/s?). Thus, 





The acceleration of the small mass during the shock 
is given by: 
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This is the original waveform with a sine wave super- 
imposed on it of amplitude proportional to the accel- 
eration-time slope and inversely proportional to the 
resonant frequency of the small mass-spring com- 
bination. 

For anyone who has seen the results of this analysis 
quoted without the detailed steps it should be ex- 
plained that as damage (or microphonic output) can 
normally only be caused by deflection of the spring, 
the At/T term is not part of the shock spectrum. A 
common confusion that arises from this is between 
transmissibility and potential damage. In any discus- 
sion of this type the original waveform should be 
subtracted from the spectrum obtained, unless the 
small object itself is acceleration sensitive. 

For t greater than T, the new accelerations gener- 
ated by the end of the pulse are given by 





The first term is the same as the waveform during the 
pulse but of opposite sign. The second term is 


t,(s) = | oe (- A=) 
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that is, 


fo(t) = —@,.2A (Je [1 — Cos @, (t—T) )) 


=-A + A Cos, (t-T) 


The term —A cancels the value +A generated by At/T 
during the pulse, which reaches this value at t= T. 
Thus if the resonant frequency of the mass on the 
spring is high enough for (A/To,) (Sin ,t) to be 
small compared with A Cos @, (t—T), the acceleration 
of the small mass will simply be proportional to the 
peak height of the triangular shock. It will be seen 
that this is true whatever the resonant frequency may 
be, so that the large mass appears to have been vi- 
brated uniformly at all frequencies above some mini- 
mum. 

Other acceleration waveforms give similar results, 
with, however, widely different relations between reso- 
nant frequency and amplitude. Figures 3, 4 and 5 
show the acceleration-frequency relationship for half- 
sine, triangular, and rectangular acceleration shock 
pulses. The frequency ratio R is the ratio between the 
natural frequency of the small mass-spring system 
and the characteristic frequency of the shock pulse, 
=/T. The acceleration ratio. is the peak acceleration 
of the small mass divided by the peak shock accelera- 
tion. The triangular shape described is unique in 
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giving uniform excitation over a wide frequency band. 
It will be noted, however, that it is not equivalent to 
noise vibration since the phase of vibration of any 
mass-spring system is uniquely determined, as opposed 
to being random in the ease of white noise. 

The relationship between vibration testing and shock 
testing of tubes can now be seen. The common shock 
waveforms used are triangular, rectangular, half sine, 
and impulse. We need then a method of generating 
each of these waveforms. 

The half-sine pulse is the easiest to generate for 
small speed changes (zero to about 10 mph), as the 
waveform generated by simple elastic collision is of 
half-sine form. If a weight is allowed to fall freely 
onto a rubber pad the acceleration imparted by the 
rubber pad will approach half-sine form. This is a 
common method of generating such a shock. For con- 
siderable velocities and displacements, for instance 
100 mph, pneumatie and hydraulic methods have been 
used. Figure 6 shows two acceleration pulses gener- 
ated by the same velocity change occurring in different 
times. 

Impulsive accelerations are generated by inelastic 
collisions, for instance collision with a bed of sand over 
a large area, but rebound must be avoided if the 
velocity change is to be known accurately. 


Rectangular and triangular waveforms are usually 
generated by using the special properties of lead. To 
a reasonable approximation the resistance of a large 
body of lead to the insertion of a spike is proportional 
only to the largest cross sectional area of the spike 
within the lead. Thus, a plain cylinder of steel forced 
into lead by a falling carriage will give approximately 
constant foree on the carriage, and hence constant 
acceleration. Similarly, a tapered spike will generate 
a triangular acceleration pulse. A machine is on the 
market which achieves similar results by crushing 
shaped lead pellets between flat plates. 

These are some of the most common methods of gen- 
erating shock pulses. There is also a wide choice of 
methods of generating the velocity which is to be 


lost during the desired pulse. The most popular motive 
force is gravity in ‘‘free fall’’ or pendulum machines. 
Air guns, explosives, rockets, hydraulie motors, 
springs, and many others have been used, and of these 
the most successful is the air gun. Of course, the 
acceleration-time waveform of the velocity generation 
must be of low height and long duration or it may be 
as much a hazard to the component under test as the 
desired test waveform. 

A word about ‘‘tap”’ testing of components, par- 
ticularly tubes, might not be out of place here. Tap 
testing means the application of a shock pulse of 
unknown waveform, height and velocity change to an 
indeterminate point on a tube envelope. The results 
of such a test are somewhat difficult to relate either to 
other tests or real environments. Beeause of the 
extreme simplicity of the apparatus needed (a small 
hammer), much work has been done on this type of 
test. No good ever came of it. 

One of the most difficult aspects of shock testing is 
measurement of the shock waveform. As one cannot 
know beforehand what particular band of frequencies 
excited by the pulse will be important, the pulse shape 
must generally be accurately known. This supposes a 
measuring system whose response extends from vir- 
tually de to a frequency well above the highest which 
ean be excited by the pulse to an appreciable ampli- 
tude. 

Strain gauge transducers are used to obtain meas- 
urements to de, but in the common forms have limited 
high frequeney response. Piezoelectric devices have 
good high frequeney response (at least one on the 
market claims to have a first resonance at 150 ke/s) 
but need very special instrumentation to be useful at 
low frequency. 
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Triangular shock waveforms (100g, 4ms) 


The accelerometer response required can easily be 
predicted from the expected shock waveform, and the 
instrumentation designed accordingly. For instance, 
for a 30 millisecond duration pulse of half-sine wave- 
form, response flat from 0.1 ¢/s to 1 ke/s will give a 
reasonably accurate picture of actual pulse shape, 
but for testing tubes the high frequency response 
should be extended to about 50 ke/s. 

The low frequeney response is very important for 
true representation of the peak height and waveform, 
and exeept for very short pulses generally must ex- 
tend well below 1 @/s. 

Tubes are sensitive to low duration, high accelera- 
tion shocks which may be generated by backlash and 
friction in the shock testing machine, and good high- 
frequency response is needed if such spurious shocks 
are to be seen. 

Having considered some of the philosophy of shock 
testing, and a little of the practice, one should consider 
actual specifications to which components are tested. 

At one extreme is a requirement for a 150 ‘‘g@’’, 30 
milliseconds duration half sine wave shock (a ‘‘g’’ 
unit of acceleration is 32.2 ft/see/sec). The velocity 
change is about 60 mph, and the distance travelled 
during the shoek is about 17 inches. In other words, 
this is similar to the shock generated by driving a car 
at 60 mph into a eonerete wall. Contrary to what 
you might expect, small electron tubes stand up well 
to this test, principally because a half-sine wave does 
not appreciably excite the high frequencies to which 
tubes are sensitive. 

Toward the opposite extreme is a 500 g, 1 milli- 
second shock. The velocity change involved is about 
10 mph, much less than that previously mentioned. 
This test is, however, very bad for tubes, as high 
frequencies are excited and the peak acceleration is 
extremely high. The force applied by the shock per 
unit weight of the component is of course numerically 
equal to the peak acceleration in ¢ units. 


VOLUME III NUMBER 5 


PENS TS 


Bt et 

















A certain guided weapon has a 50 g, 10 millisecond 
rectangular shock test. This is not particularly harm- 
ful to electron tubes but can do considerable mechan- 
ical damage to the entire unit. For example, in au 
early test the electronic pack was detached from its 
supports and smashed against the structure. 

It will be seen that the theory of shock testing and 
the analysis of results may be difficult and compli- 
eated, and are often misunderstood. In the future, 
however, the use of shock testing will be much ex- 
panded because of the inherent simplicity of the actual 
test and the tremendous saving in time over vibration 
tests. Vibration testing will continue to be used ex- 
tensively, particularly for diagnostic purposes. Shock 
testing will probably prove more suitable for produc- 
tion testing of large numbers of small components and 
in this field should eventually replace vibration 
testing. 


Shock generated by pneumatic 
machine (150g, Ilms ) 
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giving uniform excitation over a wide frequency band. 
It will be noted, however, that it is not equivalent to 
noise vibration since the phase of vibration of any 
mass-spring system is uniquely determined, as opposed 
to being random in the case of white noise. 

The relationship between vibration testing and shock 
testing of tubes can now be seen. The common shock 
waveforms used are triangular, rectangular, half sine, 
and impulse. We need then a method of generating 
each of these waveforms. 

The half-sine pulse is the easiest to generate for 
small speed changes (zero to about 10 mph), as the 
waveform generated by simple elastic collision is of 
half-sine form. If a weight is allowed to fall freely 
onto a rubber pad the acceleration imparted by the 
rubber pad will approach half-sine form. This is a 
common method of generating such a shock. For con- 
siderable velocities and displacements, for instance 
100 mph, pneumatic and hydraulic methods have been 
used. Figure 6 shows two acceleration pulses gener- 
ated by the same velocity change occurring in different 
times. 

Impulsive accelerations are generated by inelastic 
collisions, for instance collision with a bed of sand over 
a large area, but rebound must be avoided if the 
velocity change is to be known accurately. 


Rectangular and triangular waveforms are usually 
generated by using the special properties of lead. To 
a reasonable approximation the resistance of a large 
body of lead to the insertion of a spike is proportional 
only to the largest cross sectional area of the spike 
within the lead. Thus, a plain cylinder of steel foreed 
into lead by a falling carriage will give approximately 
constant force on the carriage, and hence constant 
acceleration. Similarly, a tapered spike will generate 
a triangular acceleration pulse. A machine is on the 
market which achieves similar results by crushing 
shaped lead pellets between flat plates. 

These are some of the most common methods of gen- 
erating shock pulses. There is also a wide choice of 
methods of generating the velocity which is to be 


lost during the desired pulse. The most popular motive 
force is gravity in ‘‘free fall’’ or pendulum machines. 
Air guns, explosives, rockets, hydraulic motors, 
springs, and many others have been used, and of these 
the most successful is the air gun. Of course, the 
acceleration-time waveform of the velocity generation 
must be of low height and long duration or it may be 
as much a hazard to the component under test as the 
desired test waveform. 

A word about ‘‘tap’’ testing of components, par- 
ticularly tubes, might not be out of place here. Tap 
testing means the application of a shock pulse of 
unknown waveform, height and velocity change to an 
indeterminate point on a tube envelope. The results 
of such a test are somewhat difficult to relate either to 
other tests or real environments. Because of the 
extreme simplicity of the apparatus needed (a small 
hammer), much work has been done on this type of 
test. No good ever came of it. 

One of the most difficult aspects of shock testing is 
measurement of the shock waveform. As one cannot 
know beforehand what particular band of frequencies 
excited by the pulse will be important, the pulse shape 
must generally be accurately known. This supposes a 
measuring system whose response extends from vir- 
tually de to a frequency well above the highest which 
ean be excited by the pulse to an appreciable ampli- 
tude. 

Strain gauge transducers are used to obtain meas- 
urements to de, but in the common forms have limited 
high frequeney response. Piezoelectric devices have 
good high frequency response (at least one on the 
market claims to have a first resonance at 150 ke/s) 
but need very special instrumentation to be useful at 
low frequency. 
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Shock generated by pneumatic 
machine (150g, l1ms ) 








Triangular shock waveforms (100g, 4ms) 


The accelerometer response required can easily be 
predicted from the expected shock waveform, and the 
instrumentation designed accordingly. For instance, 
for a 30 millisecond duration pulse of half-sine wave- 
form, response flat from 0.1 ¢/s to 1 ke/s will give a 
reasonably accurate picture of actual pulse shape, 
but for testing tubes the high frequency response 
should be extended to about 50 ke/s. 

The low frequency response is very important for 
true representation of the peak height and waveform, 
and except for very short pulses generally must ex- 
tend well below 1 ¢/s. 

Tubes are sensitive to low duration, high accelera- 
tion shocks which may be generated by backlash and 
friction in the shock testing machine, and good high- 
frequency response is needed if such spurious shocks 
are to be seen. 

Having considered some of the philosophy of shock 
testing, and a little of the practice, one should consider 
actual specifications to which components are tested. 

At one extreme is a requirement for a 150 ‘‘g’’, 30 
milliseconds duration half sine wave shock (a ‘‘g’’ 
unit of acceleration is 32.2 ft/sec/sec). The velocity 
change is about 60 mph, and the distance travelled 
during the shock is about 17 inches. In other words, 
this is similar to the shock generated by driving a car 
at 60 mph into a concrete wall. Contrary to what 
you might expect, small electron tubes stand up well 
to this test, principally because a half-sine wave does 
not appreciably excite the high frequencies to which 
tubes are sensitive. 

Toward the opposite extreme is a 500 g, 1 milli- 
second shock. The velocity change involved is about 
10 mph, much less than that previously mentioned. 
This test is, however, very bad for tubes, as high 
frequencies are excited and the peak acceleration is 
extremely high. The force applied by the shock per 
unit weight of the component is of course numerically 
equal to the peak acceleration in g units. 
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A eertain guided weapon has a 50 g, 10 millisecond 
rectangular shock test. This is not particularly harm- 
ful to electron tubes but can do considerable mechan- 
ical damage to the entire unit. For example, in an 
early test the electronic pack was detached from its 
supports and smashed against the structure. 

It will be seen that the theory of shock testing and 
the analysis of results may be difficult and compli- 
eated, and are often misunderstood. In the future, 
however, the use of shock testing will be much ex- 
panded because of the inherent simplicity of the actual 
test and the tremendous saving in time over vibration 
tests. Vibration testing will continue to be used ex- 
tensively, particularly for diagnostic purposes. Shock 
testing will probably prove more suitable for produc- 
tion testing of large numbers of small components and 
in this field should eventually replace vibration 
testing. 
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—_ has had a highly precise Naviga- 
tional Doppler Radar, the AN/APN-113, under de- 
velopment for more than five years. This radar is 
being developed under subcontract to the Sperry 
Gyroscope Company for use in the B-58 Hustler. 
(Convair holds the prime contract from the United 
States Air Force for this aircraft and its subsystems. ) 
The AN/APN-113 makes use of the Doppler effect to 
determine the ground velocity of an aircraft. Micro- 
wave energy is continuously transmitted toward the 
ground from three antennas arranged in the aircraft 
so that no two point in the same direction. Three re- 
ceiving antennas, each pointed in the same direction 
as its associated transmitting antenna, receive the en- 
ergy scattered back to the aircraft from the ground. 
As a result of the Doppler effect the received energy 
is shifted in frequency from the transmitted energy 
by an amount proportional to the projection of the 
ground velocity vector along the antenna direction. 
The three components of the ground velocity vector 
may be computed from the three Doppler shifts in 


relatively straightforward fashion. Considerable sim- 
plification of the computation can be achieved by a 
suitable choice of the antenna orientations. 

A requirement for proving the accuracy of the 
AN/APN-113 in flight was established early in the 
development program. Since the Doppler Radar was 
required to be appreciably more accurate than existing 
velocity-measuring devices, this posed a rather difficult 
problem. Its solution: indirect determination of 
average ground velocity by measurement of ground 
distance traveled in a known time interval. Because 
the AN/APN-113 employs an antenna system fixed to 
the air frame, the components of the ground velocity 
vector are measured in an aircraft coordinate system. 
Aircraft attitude must, therefore, be measured in 
order to relate the aircraft coordinate system to the 
ground coordinate system. An unusual application of 
photogrammetric technique was selected to measure 
both ground distance traveled and aircraft attitude, 
because its accuracy was better than any other avail- 
able means. This article discusses this technique. 





Basic Principles of Photogrammetry 


Photogrammetry deals with the measurement of 
ground distances through the use of photographs of 
the ground taken from an aircraft. Usually, pho- 
togrammetry is employed to obtain very detailed maps 
with a minimum of actual ground survey with transit 
aud chain. Ground surveys of at least two points in 
each area covered by the aerial photographs are made. 
Distances to, and hence the position of, any other 
point can be obtained by scaling from the photograph. 
Corrections must be made for the tilt of the camera 


at the time the photograph is taken, but great preci- 
sion in tilt measurement is not usually required. A 
rather convenient way to determine tilt makes use of 
a stereoscopic projection of two aerial photographs 
covering overlapping areas. By adjusting the pro- 
jection angles for the photographs so that the three- 
dimensional image shows vertical objects appearing 
vertical, tilt is corrected. 

If a more precise correction of tilt is required, an 
analytical method can be employed. The basis of this 
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method can be explained by the ‘‘one-dimensional’’ 
» ease illustrated in Figure 1. 
With the camera level as shown in Figure 1(a), 


ab _ AB _ AB’ 
be BC B’C’ 


beeause the triangles involved are similar. Thus, if 
the ratio of the distances measured on the photograph 
is the same as the ratio of the distances measured on 
the ground, there is zero tilt in the photograph. It is 
seen from the figure that this result is independent 
of altitude. However, if the focal length of the camera, 
f, is known, the altitude of the camera is given as 
either : 


— = BC _ AC 
hei” tee ai 


*Re 41" 40" 
A’B’ _ , BC’ _ , A’C 


al=t ab —~—é~téi“U ae 








In this special case, it is readily apparent that tilt 
and altitude can be determined by a comparison of 
measurements made on the photograph with measure- 
ments made on the ground. Defining camera position 
as the center of the photograph, the ground equivalent 
of camera position can easily be found. 

Turning to the non-zero tilt case illustrated in 
Figure 1(b), it can be seen from the similar triangles 
that: 


be BC BC 


where the bars over the letters indicate the non-zero 
tilt case. This ratio is a function of the tilt angle and 
the angle y. The angle y is given by: 


on = 
_y = tan f 


where 0¢ is the distance from the center of the pho- 
tograph to the image of point C, that is, ¢. It is then 
a straightforward matter to determine the tilt p from 
measurements on the photograph, although the explicit 
expression is rather complex. As in Figure 1(a), the 
determination of tilt is independent of altitude. Alti- 
tude can also be determined in terms of the focal 
lengths, but the explicit expression is again fairly 
complicated. Analysis of the three-dimensional case 
becomes even more complicated (involving the solution 
of a pyramid), but it should be fairly obvious from 
the foregoing that it can be done. 

Another approach to the determination of tilt by 
analytical means has been developed by Professor 
Edward Young and his co-workers at the University 





VOLUME Ill NUMBER 5 





















FILM PLANE 
























CHECKING THE 
ACCURACY OF A DOPPLER 
NAVIGATOR WITH 


| Bw, z » /a @ 
‘ — ; A 
'\ ’ Ye i 
ie _ + 3 


a has had a highly precise Naviga- 
tional Doppler Radar, the AN/APN-113, under de- 
velopment for more than five vears. This radar is 
being developed under subcontract to the Sperry 
Gyroscope Company’ for use in the B-58 Hustler. 
(Convair holds the prime contract from the United 
States Air Force for this aircraft and its subsystems. ) 
The AN/APN-113 makes use of the Doppler effect to 
determine the ground velocity of an aircraft. Micro- 
wave energy is continuously transmitted toward the 
ground from three antennas arranged in the aircraft 
so that no two point in the same direction. Three re- 
ceiving antennas, each pointed in the same direction 
as its associated transmitting antenna, receive the en- 
ergy scattered back to the aireraft from the ground. 
As a result of the Doppler effect the received energy 
is shifted in frequeney from the transmitted energy 
by an amount proportional to the projection of the 
ground velocity vector along the antenna direction. 
The three components of the ground velocity vector 
may be computed from the three Doppler shifts in 


Photogrammetry deals with the measurement of 
ground distances through the use of photographs of 
the ground taken from an aircraft. Usually, pho- 
togrammetry is employed to obtain very detailed maps 
with a minimum of actual ground survey with transit 
and chain. Ground surveys of at least two points in 
each area covered by the aerial photographs are made. 
Distances to, and hence the position of, any other 
point can be obtained by sealing from the photograph. 
Corrections must be made for the tilt of the camera 
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relatively straightforward fashion. Considerable sim- 
plification of the computation can be achieved by a 
suitable choice of the antenna orientations. 

A requirement for proving the accuracy of the 
AN/APN-113 in flight was established early in the 
development program. Since the Doppler Radar was 
required to be appreciably more accurate than existing 
velocity-measuring devices, this posed a rather difficult 
problem. Its solution: indirect determination of 
average ground velocity by measurement of ground 
distance traveled in a known time interval. Because 
the AN/APN-113 employs an antenna system fixed to 
the air frame, the components of the ground velocity 
vector are measured in an aircraft coordinate system. 
Aircraft attitude must. therefore, be measured in 
order to relate the aircraft coordinate system to the 
ground coordinate system. An unusual application of 
photogrammetric technique was selected to measure 
both ground distance traveled and aircraft attitude, 
because its accuracy was better than any other avail- 
able means. This article discusses this technique. 


at the time the photograph is taken, but great preci- 
sion in tilt measurement is not usually required. A 
rather convenient way to determine tilt makes use of 
a stereoscopic projection of two aerial photographs 
covering overlapping areas. By adjusting the pro- 
jection angles for the photographs so that the three- 
dimensional image shows vertical objects appearing 
vertical, tilt is corrected. 

If a more precise correction of tilt is required, an 
analytical method can be employed. The basis of this 
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method ean be explained by the ‘‘one-dimensional’’ 
case illustrated in Figure 1. 
With the camera level as shown in Figure 1(a), 
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beeause the triangles involved are similar. Thus, if 
the ratio of the distances measured on the photograph 
is the same as the ratio of the distances measured on 
the ground, there is zero tilt in the photograph. It is 
seen from the figure that this result is independent 
of altitude. However, if the focal length of the camera, 
f, is known, the altitude of the camera is given as 
either: 
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In this special case, it is readily apparent that tilt 
and altitude can be determined by a comparison of 
measurements made on the photograph with measure- 
ments made on the ground. Defining camera position 
as the center of the photograph, the ground equivalent 
of camera position can easily be found. 

Turning to the non-zero tilt ease illustrated in 
Figure 1(b), it can be seen from the similar triangles 
that: 

ab AB OA 


be BC BC’ 


where the bars over the letters indicate the non-zero 
tilt case. This ratio is a function of the tilt angle and 
the angle y. The angle y is given by: 
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y= tan"! 7 
where o¢ is the distance from the center of the pho- 
tograph to the image of point C, that is, ¢. It is then 
a straightforward matter to determine the tilt p from 
measurements on the photograph, although the explicit 
expression is rather complex. As in Figure 1(a), the 
determination of tilt is independent of altitude. Alti- 
tude can also be determined in terms of the focal 
lengths, but the explicit expression is again fairly 
complicated. Analysis of the three-dimensional case 
hecomes even more complicated (involving the solution 
of a pyramid), but it should be fairly obvious from 
the foregoing that it can be done. 

Another approach to the determination of tilt by 
analytical means has been developed by Professor 
Edward Young and his co-workers at the University 
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of Michigan. This approach is based on the compari- 
son of areas on the photograph with the corresponding 
areas on the ground. The ratio of a differential area 
on the ground to its projection on a tilted photograph 
is given by the Jacobian of the transformation from 
a level coordinate system to the tilted coordinate sys- 
tem. The Jacobian is a function of the tilt and the 
position on the photograph. To determine the ratio 
of two finite areas, it is necessary’ to integrate the 
Jacobian over the area involved. While the mathe- 
matics is complex, the results of the integration over a 
quadrilateral are fairly simple algebraic functions of 
the coordinates of the corners and the tilt. It is then 
possible to obtain a relatively simple solution for tilt. 
This solution is also less sensitive to errors in measure- 
ment than the pyramid method. While it requires 
four points per solution compared to three points for 
the pyramid method, this is not at all a disadvantage. 


Photogrammetric Determination of Aircraft 
Position and Attitude 


If the aerial camera is boresighted to the aircraft 
axis, aircraft attitude is given by the components of 
camera tilt. Furthermore, if the position of any de- 
sired point on the aircraft is measured with respect 
to the center of the film plane, its position relative to 
the ground can also be determined. These steps are 
not included in the usual applications of photogram- 
metry, but their addition is all that is required for a 
photogrammetric determination of aircraft position 
and attitude. The advantage of this method is the 
extremely high accuracy which can be achieved. Air- 
craft attitude is currently being measured to about 














10 seconds of are and aircraft position to about 4 
foot (at an altitude of 9,000 feet). 


Flights for these purposes are carried out over an 
area in which there are a number of well-surveyed 
markers. There are three major photogrammetric 
ranges in the United States: Eglin AFB, Florida; 
McClure, Ohio; and Phoenix, Arizona. These ranges 
are situated in flat terrain and contain artificial 
markers of varying descriptions. Figure 2 is an actual 
photograph of a portion of the range at McClure, 
Ohio, taken in the course of one of Raytheon’s accu- 
racy flight tests. The markers are barely discernible 
to the naked eye. Marker number 65 which has been 
given the code name Mate is circled on this photo- 
graph. Figure 3 is a photograph of the marker itself. 
It is a six-foot dise of concrete poured on the ground. 
A US. Coast and Geodetic Survey Monument is lo- 
cated at its center and its position has been determined 
in a first-order survey. This marker is typical of those 
to be found at the McClure Range. There are about 
90 of these markers over an area of about five square 
miles, giving an average spacing of about 14 mile be- 
tween markers. This range has been designed for 
flights at altitudes from about 8,000 to 10,000 feet. 
The range at Eglin AFB has been designed for an 
altitude of about 20,000 feet, is about 30 miles long, 
and employs concrete markers having a checkerboard 
pattern painted on top with squares about six feet on 
a side. The range at Phoenix is designed for an alti- 
tude of about 30,000 feet, is also about 30 miles long, 
and uses some checkerboard markers and some natural 
markers (road intersections). It is not as accurately 
surveyed as the other two ranges. 
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In an actual flight test, the aircraft fiies back and 
forth over the range, with photographs being taken at 
intervals determined by an accurate timing source on 
board. For the Raytheon tests this time interval has 
been two seconds. After development, the film is read 
by means of an optical comparator. One such compar- 
ator, made by Gaertner Scientific Instruments, is 
shown in Figure 4. All the film reading and photo- 
grammetric data processing for the Raytheon tests 
have been performed by personnel at the University of 
Michigan. The first step in the reading process is the 
identification of the markers on the photograph. As 
a rule twelve markers are identified (by grease pencil 
circles) on each photograph to permit three inde- 
pendent tilt and position determinations by the area 
distortion method. A photograph is then inserted into 
the comparator and the film axes (defined by fiducial 
marks on each photograph) are aligned with the com- 
parator axes under tremendous magnification. A mi- 
crometer screw motion is used to set cross-hairs over 
each marker in turn; magnification is such that the 
actual center of the dise can be determined. The pho- 
tographic coordinates of each marker with respect to 
the film axes are read off in the same way that one 
reads a micrometer. Positions can be read to one 
micron and are repeatable to better than five microns. 
One micron on the photograph corresponds to 0.7 feet 
on the ground. In the reading, one operator uses the 
comparator and reads off the coordinates to another 
person who records them. The operators interchange 
functions to help reduce fatigue. It takes about 45 
minutes for a skilled, fresh operator to read one photo- 
graph. More than half of this time is used in aligning 
the film axes and comparator axes. 


VOLUME Ill 


NUMBER 5 


After the photographs are read the data is punched 
on IBM ecards, and the solution for tilt and position 
is carried out on a digital computer. In this solution 
corrections are made for linear film shrinkage (the 
spacing between the fiducial marks being the basis 
for correction), lens distortion (accurate measurement 
of focal length over the entire lens aperture being the 
basis for this correction), and atmospheric refraction. 
Large differences among the three independent solu- 
tions indicate reading blunders, which are then 
checked out. Photographs are reread to remove such 
blunders. Only 20% of the photographs usually have 
to be reread. 


Conclusion 


To solve the difficult problem of checking the accu- 
racy of a highly precise Doppler navigational radar, 
the AN/APN-113, Raytheon has made use of an un- 
usual application of photogrammetric technique to 
determine aircraft position and attitude at known 
intervals of time. While this technique is time consum- 
ing and costly, it does provide the extremely accurate 
independent measurement of aircraft velocity required 
to check the accuracy of the AN/APN-113. 





Figure 4 











= word ‘‘standards’’ is so loosely used today 
that it is important at the outset to distinguish the 
two major applications of the term. The word, in its 
oldest engineering sense, is defined in the American 
Collegiate Dictionary as ‘‘the authorized exemplar 
of a unit of weight or measure.’’ The National Bureau 
of Standards establishes weights and measures for 
the USA, and any scientific or engineering organiza- 
tion dealing with physical quantities must maintain 
local measurement standards based on these precisely 
established national standards. Such local standards 
are absolute necessities in any technical industry to- 
day, and Raytheon has an extensive system of primary 
and secondary measurement standards laboratories, 
which are constantly being improved. The second 
kind of standards, related more to a setting of levels 
of excellence, may be termed ‘‘standards of engineer- 
ing practices and procedures,’’ and the present discus- 
sion will confine itself to establishing the latter mean- 
ing and to indicating some of the present efforts and 
future plans at Raytheon for obtaining benefits from 
such standards. 

An engineering standard, as it is defined here, is an 
accepted solution to a recurring engineering problem. 
The key words are ‘‘accepted,’’ ‘‘recurring,’’ and 
‘‘engineering.’’ An examination of the implications 
of these words leads to further clarification of the 
basic concept of standards engineering. . 

The word ‘‘accepted’’ implies prior agreement; 
hence, much of the work of preparing a standard is in 
bringing people together and securing their agreement 
on a satisfactory solution to a problem. This is as 
much diplomacy as engineering, but it is an absolutely 
essential part of the job, no matter what industry or 
trade is involved. 

The second key word is ‘‘recurring,’’ a word which 
serves to introduce the natural economic limitations 
inherent upon efforts in this field. Obviously there is 
little benefit in spending more money to secure agree- 
ment than this agreement would be worth in terms 
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of lowered cost of engineering or manufacture, or in 
the production of a better item. 

The third key word mentioned above is ‘‘engineer- 
ing.’’ This sets both the technical and administrative 
limits of the work, for standards are applied most 
effectively during the design phase of a job. Manu- 
facturing and purchasing and quality control all bene- 
fit and must all be consulted in the development of 
an engineering standard, but the use of the standard 
must be initiated during the engineering phase of a 
project. Procedural standards — drafting procedures, 
release procedures, ete., — likewise directly affect the 
manufacture of a product by helping or hindering the 
transmission of information between the engineering 
department and the manufacturing service, but they 
too are first applied by engineering. 

In the brief analysis just attempted of the key words 
in our basic definition, several more words showed up 
that give us a broader view of what standards en- 
gineering is. Phrases such as ‘‘lowered cost of pro- 
duction,’’ ‘‘highest reliqgbility,’’ ‘‘transmission of in- 
formation’’ are important. They indicate that an ideal 
standard represents the combined efforts of many 
experts in different fields: components and materials, 
reliability and quality control, cost reduction and 
value engineering, purchasing, and manufacturing. 

Raytheon is, of course, analagous to a Federal 
Union, with the Federal Government, or Corporation, 
having certain legitimate interests, but with the States, 
or Divisions, having large areas of local autonomy. 
This is true of all activities in the Company. With 
regard to standards engineering in particular, effi- 
ciency demands that the areas of common interest 
between divisions be organized and administered on 
a common basis; efficiency, flexibility, and diversity 
of products demand that problems of local interest be 
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solved and administered on a local basis, with the 
interest of the corporation in these local problems 
properly limited to insuring compatibility between 
divisions, to insuring good communications between 
divisions, to providing a center of information on any 
of the subjects within its scope, and to providing, on 
request, certain consulting or assisting services. 

This is, in fact the way standards engineering at 
Raytheon is organized. Divisional effort has been 
extensive over the years, and many groups of men 
dedicated to higher engineering efficiency have done 
an excellent job. Corporate activity has been growing 
as the Company has grown larger and more diverse. 
Today the corporate standards engineering work is 
part of a unified corporate effort which performs a 
policy-making and coordination function in the fol- 
lowing fields: 


1. Engineering standards and their application in 
the design, development, and release of new 
equipment. 

2. Cost reduction techniques and their application 
in the design, development, and release of new 
equipment. 

3. Component application engineering as it per- 
tains to the design of equipment. 

4. Reliability engineering. 

5. Standards and definitions of measurement. 

6. Interdivisional communication on any one of 
the above subjects. 

The respective effort to be put forth in the future 
by the divisions and by the corporate group must be 
defined dynamically with respect to the conditions 
existing today, and be flexible enough to change with 
changing conditions. 

The corporate group was established only recently. 
Before it was formed representative people in the 
various divisions were first polled in a very informal 
way. In conversations with engineers, designers, pur- 
chasing and manufacturing people, and standards 
and components engineers, the status of work in the 
broad area here defined as standards engineering was 
outlined. People from all the operating divisions were 
contacted and their ideas and opinions were digested. 
To establish a definitive channed for continuing such 
a dialogue a Standards Advisory Committee was then 
set up, with members from each division. 

The central agency that has resulted from these 
interchanges ineludes standards as one of its major 
interests, but as indicated above must be competent 
in related areas also. This agency, known as the 
Corporate Office of Engineering Practices, serves first 
of all as the coordinating point and information cen- 
ter for all Raytheon activities in the fields discussed 
above. The functions of this office include the fol- 
lowing : 
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1. Acting as the Raytheon spokesman for all corpo- 
rate dealings with the government, trade associations, 
professional societies, etc., on any of subjects men- 
tioned above. That is, when Raytheon must speak as 
a corporation, divisional opinion will be coordinated 
by and expressed publicly through this office. This 
function is illustrated by Raytheon’s response to a 
request from the Electronic Industries Association 
for comment on a proposed Military Drafting Stand- 
ard. Numerous individuals in six divisions offered 
their comments ‘and the Office of Engineering Prac- 
tices sent one letter to the EJA combining these 
comments in a single answer from Raytheon. 

2. Serving as a clearing house for information on 
all divisional activities in these fields. Complete files 
on who is doing what in the Company are maintained, 
and the Office provides quick service to put a man in 
Andover in touch with a man in Santa Barbara who 
has wanted information —or even another man in 
Andover. The rapid growth of the Company and the 
large number of new people unacquainted with the 
organization of any but their own groups makes this 
service a valuable one in reducing lost and unpro- 
ductive time. 

3. Maintaining records of the existence and loca- 
tion of publications of trade societies, such as ASTM 
standards, EIA standards, etc., and maintaining full 
records on Company membership in trade societies, 
with the names of all Raytheon personnel in all divi- 
sions who serve on the various committees of such 
societies. 
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4. Maintaining files on certain Military Specifica- 
tions and Standards, and being prepared to issue them 
to individuals on request. This cannot be a complete 
specification issuing service, simply because there are 
so many of the Military Specifications — boxcars of 
paper and a large clerical staff would be required to 
do a halfway job, a job that is much better handled 
generally by the project groups using the specs. Files 


of common specs are maintained, as well as complete @ 


indices, and a complete listing of all major repositories 
of the Military Specifications in the Company is kept 
Thus this Office can be an important place to cheg 
before trying elsewhere for anyone needing a pa 
lar specification. The chances are very good that 
ean be directed to the holder of the spec in. the Of 
pany. a 
5. Maintaining complete files of all pertinent J 
theon Divisional Standards and preferred pra@ 

Because of the dynamic nature of standards % 
neering it is essential that the work in this fig 
done by experienced engineers who have a cle e 
sympathetic understanding of the problems of 
design engineers. Most of these engineers 
course located in the divisional standards engines 
groups. The corporate agency, however, takes a rn 
deal of interest in the people in these various divisig} 
groups; as time goes by it is expected that the cor 
rate Engineering Practices Office will sponsor r 
grams for the growth of the standards and componen 
engineers throughout the Company. There are 
some areas of activity that are common to all 


divisions, or at least to several of them, and it is for 
this reason, as weil as to provide technical competence 


at the corporate level for the purpose of monitoring 
the work of and improving the status of the divisional 
standards and component engineers, that a small unit 
of experienced engineers is maintained by the Engi- 
neering Practices Office of the Corporation. These engi- 
neers are divided into three groups, the standards and 
specifications engineers, the components applications 
engineers, and the reliability engineers. These groups 
report to the Director of Engineering Practices, who 
reports to the Vice President, Engineering and 
Research. 

The first of these corporate groups concerns itself 
with practices and procedures that have multi-divi- 
sional application. This group must identify, first of 
all, the economic and ‘technical need for uniform 
practices (for example, cominon military drafting 
practices and a common format for purchase speci- 
fications) ; guide the documentation of such practices, 
always with extensive divisional participation ; obtain 
divisional concurrence ; and monitor their usage. This 
involves a thorough understanding of divisional 
requirements, a knowledge of people, and a good 
technical background. 
































Acting as the Raytheon spokesman on engineering standards . . . 


The second group concerns itself specifically with 
those components, materials and processes that are 
not yet ‘‘standard’’ at all, even in the divisions. The 
component and material arts are changing at such a 
rate that no one charged with responsibilities for a 
specific project can keep entirely up to date. Like- 
wise the work of evaluating components for specific 
projects is so large that little manpower and time is 
left for looking ahead — and looking around — to see 
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what new things are becoming available that will im- 
prove the product of tomorrow. This group, small but 
competent, is charged with the function of looking 
around, and making at least preliminary evaluations 
and recommendations to the operating divisions on 
components of new varieties that may be useful to 
them. These engineers, too, will spend some of their 
time in the divisions as consultants, helping the com- 
ponents engineers on the job, as well as becoming more 
closely acquainted with current and future problems 
that involve components and materials. This group 
also has the responsibility of preparing and presenting 
seminars or training courses on components for the 
specific purpose of improving the knowledge and 
competence of component application engineers in 
the divisions. 


The third group’s main function is to develop a 
sound corporate policy for equipment reliability con- 
trol, with the cooperation and assistance of the reliabil- 
ity groups in the divisions. Further, once this policy 
is put into effect, this group will have the job of 
monitoring its application, and will represent corpo- 
rate management as necessary in general discussions 
or negotiations with the customer regarding reliability 


of equipment developed or manufactured by Ray- 
theon. 


Finally, the corporate Engineering Practices staff, 
as a whole, strives to improve communications on 
standards, components, materials, product design tech- 
niques, cost reduction techniques, and reliability 
throughout the Company. It is the intention to begin 
the periodic publication in the near future of a ‘‘Di- 
gest of Engineering Practice’’ which will contain, in 
brief form, pertinent information on what is happen- 
ing in the Company on these and related subjects. 
What form this will take and how widely it will be 
useful remains to be seen. Inter-group and interdi- 
visional communication is a problem of major propor- 
tions and it will be a difficult one to solve completely. 
Much can be done to improve the situation, however, 
and a frankly experimental approach is being taken 
toward reducing duplication of effort and lost time 
due to lack of information as to what is going on. 


The effort outlined above covers a wide range of 
activities and implies a vast amount of work. The 
bulk of the work will continue to be done in the divi- 
sions as at present. The corporate staff hopes to 
increase the efficiency of this work by providing spot 
help, consulting and better communications, and by 
removing from the work load of the divisions those 
chores that are common to two or more, thus providing 
‘‘acecepted solutions to recurring engineering prob- 
lems.’’ 
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‘i space age is continually requiring new ma- 
terials to meet specifie needs. Some of the most press- 
ing needs stem from the high temperatures encoun- 
tered when a rocket passes through the atmosphere. 
This temperature problem is reflected in the electronic 
industry in the development of high temperature 
electrical components. Semiconductor devices such as 
diodes and transistors are specific components for 
which higher temperature of operation is continually 
required. Their range of operation, however, is de- 
pendent upon the properties of the semiconductor used 
in that specific device. Silicon and germanium lose 
their semiconduction properties about 300°C and 
150°C respectively. Silicon carbide remains a semi- 
conductor above 1000°C. Because of this high tem- 
perature range of silicon carbide, considerable interest 
has developed in making single crystals of semicon- 
ductor ‘purity from this material. 

Controlled crystal growth of a substance may be 
accomplished by cooling a melt, growing from solu- 
tion, or growing from vapor. Silicon metal is formed 
into single erystal ingots by pulling the solid phase 
from the liquid phase at about 1430°C. This method 
of cooling from a melt is not possible with silicon 
ide inasmuch as it decomposes before it melts at 
bspheric pressure. There is the possibility of 
Carbon is 
slightly soluble in molten silicon at the temperature 
at which silicon carbide is formed (about 1600°C). 
Crystals of silicon carbide can be obtained from this 
solution; however, the crystal shapes obtained are 
usually irregular prismatic forms, not large enough to 
cut up into plates, and not regular enough to be used 
in devices without cutting. This modification of silicon 
carbide, designated beta-phase, forms at temperatures 
below 2000°C. At higher temperatures up to decom- 
position the crystal modifications designated alpha 
are formed. These are normally hexagonal or triangu- 
lar platelets suitable for device application without 
cutting. The growth mechanism for this temperature 
range is sublimation and recrystallization. 

These crystal modifications have been known. for 
some time, particularly in the abrasive industry. 
However, forming silicon carbide of sufficient purity 
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for use in semiconductor devices is a project requiring 
much more refined techniques than those used com- 
mercially. Growth from a vapor appears to be the 
most promising method of obtaining semiconductor 
grade silicon carbide. 


Let us consider the probable phase diagram of 
silicon and carbon to see why vapor growing is pre- 
ferred over growth from the melt. Figure 1 shows the 
temperature, composition, and phase relationships at 
atmospheric pressure. On this diagram the decom- 
position of silicon carbide is indicated at about 2700°C. 
At this temperature silicon vapor, silicon carbide, and 
graphite are coexistent. Above this temperature only 
silicon vapor and graphite exist. For true vapor 
growth of silicon carbide the temperature must be 
kept below this value. Growth from the melt at 
atmospheric pressure is thus prohibited because of 
decomposition. 


Possibly silicon carbide could be melted without 
decomposition at higher pressure. The effect of pres- 
sure on decomposition should therefore be determined. 


At the decomposition temperature, 2700°C, the 
extreme pressures are determined by the vapor pres- 
sure of silicon on one side (about one atmosphere) and 
carbon on the other (about 10-4 atmosphere). It is 
evident because of the difference in vapor pressures 
at this temperature that the vapor consists largely of 
silicon. Study of the temperature-phase diagram 
shows this also. 


Note the similarity between the pressure-composi- 
tion diagram and the temperature-composition dia- 
gram. High pressures favor the condensed states, as 
do lower temperatures. It is reasonable to expect that 
melting without dissociation might be attained at ele- 
vated pressure. Combining these two curves leads 
one to believe this, although estimates of pressure 
required are not available. However, no vessel can 
contain the highly corrosive silicon vapor, the ambient 
in which melting would have to take place. If it were 
possible to contain the silicon vapor, no doubt the 
molten state of silicon carbide could be achieved. 
Large, essentially single crystal ingots could then be 
grown from the melt. 
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Figure 1 


Since no way is known of arresting the corrosive 
action of the silicon vapors, the use of an all-carbon 
system is indicated. When all parts are assembled 
of high purity graphite the reaction with semicon- 
ductor grade silicon should result in high purity sili- 
con carbide. The reaction of silicon vapors with the 
vessel can only add more of the desired silicon carbide 
crystals. Graphite is able to go to temperatures in 
excess of 3000°C before sublimation becomes excessive. 

The approach of the experiment described here is 
basically different from the above methods. It involves 
the formation of crystals from the vapor, but not 
simply recrystallization of sublimed vapors. The 
chemical equilibrium equation SiC @ Si + C is the 
foundation of the method. Ideally, one would like to 
combine pure silicon vapor with pure carbon vapor 
to form unattached silicon carbide crystals. When 
thinking of introducing silicon vapor into the working 
space, one is again confronted with the extremely 
corrosive nature of silicon. By holding the silicon in 
position in silicon carbide and releasing it as the above 
reaction changes the direction of equilibrium, the cor- 
rosive problem is quite well eliminated. The decom- 
position and recombination take place in the tempera- 
ture range 2700° to 2800°C. 

The silicon carbide used as starting material is the 
cubic beta-phase, formed by the reaction of silicon 
tetraiodide on carbon at 1600°C. A mixture of silicon 
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and graphite powder may also be used as starting 
material. The silicon combines with carbon, forming 
silicon carbide during the temperature .rise part of 
the program and is released at the decomposition tem- 
perature. 

Figure 2 shows a longitudinal section of the pres- 
sure furnace. The heating element in this furnace is 
a graphite tube. Power for the furnace is controlled 
by a saturable core reactor on the input of a low 
voltage, high current transformer. 1000 amperes at 
10 volts is an adequate supply for this furnace. The 
graphite screws into the base of the furnace. The 
upper electrode is isolated from the upper end of the 
furnace by an ‘‘O”’’ ring which is also the pressure 
seal. Differential expansion of graphite to steel is 
accommodated by the friction fit piston in the sleeve. 
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= space age is continually requiring new ma- 
terials to meet specific needs. Some of the most press- 
ing needs stem from the high temperatures encoun- 
tered when a rocket passes through the atmosphere. 
This temperature problem is reflected in the electronic 
industry in the development of high temperature 
electrical components. Semiconductor devices such as 
diodes and transistors are specific components for 
which higher temperature of operation is continually 
required. Their range of operation, however, is de- 
pendent upon the properties of the semiconductor used 
in that specifie device. Silicon and germanium lose 
their semiconduction properties about 300°C and 
150°C respectively. Silicon carbide remains a semi- 
conductor above 1000°C. Beeause of this high tem- 
perature range of silicon carbide, considerable interest 
has developed in making single erystals of semicon- 
ductor ‘purity from this material. 

Controlled erystal growth of a substanee may be 
accomplished by cooling a melt, growing from solu- 
tion, or growing from vapor. Silicon metal is formed 
into single erystal ingots by pulling the solid phase 
from the liquid phase at about 1430°C. This method 
of cooling from a melt is not possible with silicon 
carbide inasmuch as it decomposes before it melts at 
atmospheric pressure. There is the possibility of 
growing silicon carbide from solution. Carbon is 
slightly soluble in molten silicon at the temperature 
at which silicon carbide is formed (about 1600°C). 
Crystals of silicon carbide can be obtained from this 
solution; however, the erystal shapes obtained are 
usually irregular prismatic forms, not large enough to 
cut up into plates, and not regular enough to be used 
in devices without cutting. This modification of silicon 
earbide, designated beta-phase, forms at temperatures 
below 2000°C. At higher temperatures up to decom- 
position the crystal modifications designated alpha 
are formed. These are normally hexagonal or triangu- 
lar platelets suitable for device application without 
cutting. The growth mechanism for this temperature 
range is sublimation and reerystallization. 

These crystal modifications have been known. for 
some time, particularly in the abrasive industry. 
However, forming silicon carbide of sufficient purity 
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for use in semiconductor devices is a project requiring 
much more refined techniques than those used com- 
mercially. Growth from a vapor appears to be the 
most promising method of obtaining semiconductor 
grade silicon carbide. 

Let us consider the probable phase diagram of 
silicon and carbon to see why vapor growing is pre- 
ferred over growth from the melt. Figure 1 shows the 
temperature, composition, and phase relationships at 
atmospheric pressure. On this diagram the decom- 
position of silicon carbide is indicated at about 2700°C. 
At this temperature silicon vapor, silicon carbide, and 
graphite are coexistent. Above this temperature only 
silicon vapor and graphite exist. For true vapor 
growth of silicon carbide the temperature must be 
kept below this value. Growth from the melt at 
atmospheric pressure is thus prohibited because of 
decomposition. 


Possibly silicon carbide could be melted without 
decomposition at higher pressure. The effect of pres- 
sure on decomposition should therefore be determined. 

At the decomposition temperature, 2700°C, the 
extreme pressures are determined by the vapor pres- 
sure of silicon on one side (about one atmosphere) and 
earbon on the other (about 10-4 atmosphere). It is 
evident because of the difference in vapor pressures 
at this temperature that the vapor consists largely of 
silicon. Study of the temperature-phase diagram 
shows this also. 

Note the similarity between the pressure-composi- 
tion diagram and the temperature-composition dia- 
gram. High pressures favor the condensed states, as 
do lower temperatures. It is reasonable to expect that 
melting without dissociation might be attained at ele- 
vated pressure. Combining these two curves leads 
one to believe this, although estimates of pressure 
required are not available. However, no vessel can 
contain the highly corrosive silicon vapor, the ambient 
in which melting would have to take place. If it were 
possible to contain the silicon vapor, no doubt the 
molten state of silicon carbide could be achieved. 
Large, essentially single crystal ingots could then be 
grown from the melt. 
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action of the silicon vapors, the use of an all-carbon 
system is indicated. When all parts are assembled 
of high purity graphite the reaction with semicon- 
ductor grade silicon should result in high purity sili- 
con carbide. The reaction of silicon vapors with the 
vessel can only add more of the desired silicon carbide 
crystals. Graphite is able to go to temperatures in = 
excess of 3000°C before sublimation becomes excessive. Py iiss 
The approach of the experiment described here is GRAPHITE HEATER 
basically different from the above methods. It involves 
the formation of erystals from the vapor, but not q INSULATION. 
simply recrystallization of sublimed vapors. The Ay 
chemical equilibrium equation SiC — Si + C is the ELEC TROD 
foundation of the method. Ideally, one would like to 
combine pure silicon vapor with pure carbon vapor 
to form unattached silicon carbide crystals. When NY 
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position in silicon carbide and releasing it as the above 
reaction changes the direction of equilibrium, the cor- 
: . . ib GRAPHITE PRESSURE FURNACE FOR GROWING SiC CRYSTALS 
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position and recombination take place in the tempera- Figure 2 
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cubic beta-phase, formed by the reaction of silicon 
tetraiodide on carbon at 1600°C. A mixture of silicon 
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The space between heater sleeve and pressure vessel 
is filled with carbon black. Water cooling of the out- 
side is necessary. About 4 kilowatts of power are dis- 
sipated in the apparatus at 2700°C and 100 psi of 
argon. The working space in this equipment is 34 inch 
in diameter and 4 inches long. 


The argon gas used as the ambient in this experiment 
is purified by passing over titanium chips at 800°C. 
The flow of the gas during an experiment is regulated 
by throttle valves in the range of 0.1 to 1.0 cubic feet 
per hour. Pressure in the furnace may be up to 1000 
psi. The temperature is determined by viewing with 
an optical pyrometer through the porthole at the 
bottom. 

The detail of Figure 3 shows the arrangement of 
crucible, reaction zone and collection zone. The cru- 
cible filled with silicon carbide is in a region where 
the temperature gradient is approximately 100 degrees 
per inch. The top is the hotter end. As the tempera- 
ture of the furnace is raised to the reaction level, the 
silicon carbide in the top decomposes first. The silicon 
vapor diffuses downward since the upper direction is 
blocked by the graphite crucible. The temperature 
may be continuously raised until all the material in 
the graphite crucible is decomposed. 

An example of this reduction action is shown in 
Figure 4, a cross section of the graphite crucible. 
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Figure 4 


Most of the silicon carbide in the graphite cup has 
decomposed, leaving free graphite in the upper end. 
In this ease the vapor pressure of silicon released in 
the capsule was enough to partially blow off the cup. 
This effect was observed even though the ambient 
pressure was 60 psi, because of the abrupt increase 
of the silicon vapor pressure at the dissociation tem- 
perature. X-ray diffraction studies of the material 
in the lower end of the crucible showed free graphite 
and silicon present .as well as alpha-silicon carbide. 


The experiment is one in which dynamic properties 
are used instead of static. The concentration of silicon 
vapor is high enough for crystal formation as long as 
the silicon carbide is decomposing. When it is gone, 
the experiment is over. The total time for a run is 
thus quite short. A typical temperature cycle is 
given in Figure 5. The temperature rise is about 25°C 
per minute from 1600° to 2500°C. Heating is slowed 
down as the reaction temperature is approached. 


At the dissociation temperature, the released silicon 
vapor breaks through the thin graphite wall in the 
cover of the crucible and flake formation is spon- 
taneous. As viewed in the pyrometer, the field of 
view becomes covered with flying erystals which show 
the distinctive hexagonal configuration as they fall in 
a tumbling manner. The apparent drop in tempera- 
ture at the end of the run is due to masking of the hot 
reference surface by the silicon carbide erystals. 
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Figure 5 


Since free silicon vapor is formed, leaving behind 
solid graphite, another source of carbon vapor is neces- 
sary. The sidewalls of the heater sleeve are thinned 
down at the reaction zone so that there will be a 
hotter region for evaporating carbon into the reaction 
zone. 

With a suitable concentration of silicon and carbon 
vapors, a limited number of nucleation groups form. 
When these reach a certain critical size they tend to 
fall from the reaction zone. To keep these flakes in 
the reaction zone long enough for useful size, an 
upward flow of argon is maintained. The parameters 
of flow, pressure, temperature, temperature gradient, 
and temperature rise time have not all been investi- 
gated, so conditions for maximum size are not known. 

The effect of pressure has been observed in some 
preliminary experiments. At atmospheric pressure, the 
silicon vapors react with graphite surfaces throughout 
the interior of the apparatus, forming silicon carbide. 
At pressures about 160 psi the silicon vapors are 
confined to the reaction capsule. The mechanism is 
probably variation of the diffusion coefficient of the 
silicon in the argon. Pressures about 100 psi are ade- 
quate to let the vap:rs out of the capsule into the 
reaction zone without getting them all over the system. 

The silicon carbide flakes that have been formed 
have been very regular and clear in color. Figure 6 
shows an aggregate of the crystals just as they fell 
in the furnace. Triangles and hexagons, along with 
intermediate shapes, are dominant. Other objects are 
graphite and silicon spheres. The largest flakes are 
between 20 and 30 mils across and up to 0.5 mil in 
thickness. Occasionally some color can be observed in 
a flake, but as a rule they are perfectly clear and 
colorless. 
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Indication of purity has been inferred from ob- 
servation of color and resistivity of the material. Pure 
silicon carbide is colorless and transparent, and has 
very high resistivity (above 10® ohm-em). One poly- 
crystalline specimen taken from this furnace measured 
105 ohm-em at room temperature. On the whole, this 
appears to be a very promising method of obtaining 
pure silicon carbide crystals. A doubling of the size 
of crystallites presently obtained would actually pro- 
vide usable material for device fabrication. Experi- 
ments are now in process aimed at achieving this 
inerease in crystallite size by enlarging the entire 
apparatus. 


Figure 6 
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_ the lot of the electronic 
metallurgist is frequently a difficult one. He gets a 
headache from the device-making schemes of the semi- 
conductor physicist, a chill from the missile designer 
(who is always squeezing the last ounce of perform- 
ance from his material), and high blood pressure from 
the tube engineer (who insists of thinking of a cathode 
as a source of electrons rather than a source of trou- 
bles). Recently, however, the metallurgist has been 
wearing a roguish grin in anticipation of a new devel- 
opment which he believes will put him one-up on his 
vexatious friends, the electronics engineers. 

In the race for acceptance as electronic construction 
materials, many metals and alloys are entered. In 
order to pick winners consistently the metallurgist 
must become a successful handicapper. He is current- 
ly excited about making a killing on a dark horse 
which has been bred by recent research both here and 
abroad. This dark horse which the metallurgist has 
been eyeing is a metal which was isolated from plat- 
inum and molybdenum ores by three German chemists 
around 1925. In honor of the German Rhineland, they 
named it rhenium. 

In the United States the largest commercial source 
of rhenium is the flue dust resulting from the roasting 
of molybdenum sulfide ores. This yields about fourteen 
pounds of rhenium per ton of dust. The estimated 
concentration of the element in the earth’s crust is 
about 0.004 part per million, corresponding to 74th 
in order of abundance, which indicates that rhenium 
is one of the rarest metals. Consequently, its price 
is very high. Rhenium of 99.95+ percent purity sells 
at prices ranging from $700 to over $2600 per pound, 
depending upon its form and size. 

Rhenium has a melting point of 3180°C, second 
highest of all the elements (falling after tungsten). 
Its vapor pressure at 2800°C is about 10-3 millimeters 
of mercury. In the density race, rhenium just fails 
to show, with about 21 grams per cubic centimeter, not 
as good as iridium, osmium, and platinum. Rhenium 
has a specific electrical resistance of twenty-one 
microhm-centimeters at 20°C, about 3.6 times that of 
tungsten, and 110 microhm-centimeters at 2500°C, 
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about 1.3 timés that of tungsten. This allows the use 
of larger cross sections of rhenium for added rugged- 
ness, and decreases the occurrence of filament hot 
spots, so often encountered with tungsten. 

Rhenium has a thermionic function of 4.8 electron 
volts and a Richardson constant of fifty-two amperes 
per square centimeter per °K?, as compared to 
tungsten’s 4.6 electron volts and forty-five amperes 
per square centimeter per °K?. Thermionic emission 
measurements on an activated Re-2.28% ThOs cathode 
indicate that, over certain temperature ranges, the 
emission from thoriated rhenium can be of the same 
order of magnitude as that from thoriated tungsten. 
The thoriated rhenium cathode activates at a lower 
temperature than the thoriated tungsten but begins 
to deactivate at temperatures which are still several 
hundred degrees below the lower activation limit of 
thoriated tungsten. 

These performances were encouraging, but certainly 
not sufficient to entice heavy betting on our dark 
horse, rhenium. At best, it can match tungsten in 





ENIUM COLD-WORKED 





RHENIUM|ANNEALED 





TUNGST 





MOLYBDENUM 











ELECTRONIC PROGRESS 





















































osmium 











tertain properties, but still may not be economically 
justifiable. 

Electron tube technologists have long known that 
tungsten filaments fail in commercial vacua even at 
temperatures below 2000°C because of the so-called 
water cycle reaction. The filament first reacts with 
water vapor to form tungsten oxide and atomic hydro- 
gen. The volatile tungsten oxide then vaporizes from 
the filament and condenses on the cooler parts of the 
bulb. There it is reduced by atomic hydrogen to 
metallic tungsten with the re-formation of water. In 
a recent investigation at the Battelle Memorial Insti- 
tute, rhenium appeared to be from 10 to 200 times as 
resistant as tungsten to the water cycle reaction. 

The possibility that rhenium does not form a carbide 
was suggested as early as 1930. It was confirmed re- 
cently by a study of arec-melted rhenium-carbon alloy, 
which showed alpha-rhenium to be in equilibrium with 
graphite. A eutectic reaction occurs at 2480°C and 
16.9 atomic percent carbon with alpha-rhenium con- 
taining about 11.7 atomic percent carbon at the 
eutectic temperature. This solubility of carbon in 
rhenium decreases rapidly to about 4.5 atomic percent 
at 2000°C. The absence of a carbide in the rhenium- 
carbon system is unique; other refractory metals such 
as tungsten, tantalum, molybdenum, and columbium 
form carbides and become excessively brittle after 
exposure to a carbonaceous atmosphere. This behavior 
of rhenium is probably associated with its relatively 
noble position in the periodic system, occupying the 
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post between tungsten and osmium (a platinum-group 
metal). 

Because boron-containing materials are potentially 
useful in electron tube technology, the search began 
to determine whether rhenium had as low a reactivity 
with boron as it had with carbon. At present, there is 
some preliminary evidence for the formation of a 
eutectic melting at about 2200°C. 

Rhenium is also outstanding with respect to me- 
chanical properties. It remains relatively strong and 
ductile following heating above its recrystallization 
temperature (about 1750°C), while tungsten and 
molybdenum become brittle to the point of having 
little mechanical usefulness. The very high ductility 
of rhenium, whether previously heated or not, at room 
temperature permits the fabrication of complicated 
shapes without fracturing and allows the part to with- 
stand extreme mechanical shock and vibration after 
service at high temperatures. In addition, the elas- 
ticity modulus drops only twenty percent at 900°C 
from its room temperature value and elongation varies 
from a maximum 28 percent at room temperature to 
about 0.5 percent at 2000°C. 

Rhenium additions to molybdenum and tungsten 
have produced alloys that are stronger, as well as more 
ductile, than either unalloyed tungsten or molybde- 
num. These beneficial effects, however, are lost at high 
rhenium content, where a brittle sigma phase is 
formed. This phase, when present in more than small 
quantities, causes a rapid decrease in ductility. How- 
ever, the gain in ductility, fabricability, and strength 
imparted to tungsten and molybdenum at compositions 
ranging from 20 to 35 atomic percent rhenium shouid 
be of considerable interest in electron tube technology. 
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Rhenium: 


~~ 


1 \\ 

| eee the lot of the electronic 
metallurgist is frequently a difficult one. He gets a 
headache from the device-making schemes of the semi- 
conductor physicist, a chill from the missile designer 
(who is always squeezing the last ounce of perform- 
ance from his material), and high blood pressure from 
the tube engineer (who insists of thinking of a cathode 
as a source of electrons rather than a source of trou- 
bles). Recently, however, the metallurgist has been 
wearing a roguish grin in anticipation of a new devel- 
opment which he believes will put him one-up on his 
vexatious friends, the electronics engineers. 

In the race for acceptance as electronic construction 
materials, many metals and alloys are entered. In 
order to pick winners consistently the metallurgist 
must become a successful handicapper. He is current- 
ly excited about making a killing on a dark horse 
which has been bred by recent research both here and 
abroad. This dark horse which the metallurgist has 
been eyeing is a metal which was isolated from plat- 
inum and molybdenum ores by three German chemists 
around 1925. In honor of the German Rhineland, they 
named it rhenium. 

In the United States the largest commercial source 
of rhenium is the flue dust resulting from the roasting 
of molybdenum sulfide ores. This yields about fourteen 
pounds of rhenium per ton of dust. The estimated 
concentration of the element in the earth’s crust is 
about 0.004 part per million, corresponding to 74th 
in order of abundance, which indicates that rhenium 
is one of the rarest metals. Consequently, its price 
is very high. Rhenium of 99.95+ percent purity sells 
at prices ranging from $700 to over $2600 per pound, 
depending upon its form and size. 

Rhenium has a melting point of 3180°C, second 
highest of all the elements (falling after tungsten). 
Its vapor pressure at 2800°C is about 10-* millimeters 
of mercury. In the density race, rhenium just fails 
to show, with about 21 grams per cubic centimeter, not 
as good as iridium, osmium, and platinum. Rhenium 
has a_ specific electrical resistance of twenty-one 
microhm-centimeters at 20°C, about 3.6 times that of 
tungsten, and 110 microhm-centimeters at 2500°C, 


= re TA 


<A DARK HORSE 


P. Levesque 


Research Division 


about 1.3 times that of tungsten. This allows the use 
of larger cross sections of rhenium for added rugged- 
ness, and decreases the occurrence of filament hot 
spots, so often encountered with tungsten. 

Rhenium has a thermionic function of 4.8 electron 
volts and a Richardson constant of fifty-two amperes 
per square centimeter per °K?, as compared to 
tungsten’s 4.6 electron volts and forty-five amperes 
per square centimeter per °K2. Thermionic emission 
measurements on an activated Re-2.28% ThOs cathode 
indicate that, over certain temperature ranges, the 
emission from thoriated rhenium ean be of the same 
order of magnitude as that from thoriated tungsten. 
The thoriated rhenium cathode activates at a lower 
temperature than the thoriated tungsten but begins 
to deactivate at temperatures which are still several 
hundred degrees below the lower activation limit of 
thoriated tungsten. 

These performances were encouraging, but certainly 
not sufficient to entice heavy betting on our dark 
horse, rhenium. At best, it can match tungsten in 


500 






400 





RHENIUM COLD-WORKED 
| 


T 





300 ! 
RHENIUM ANNEALED 





Hardness (Vickers units) 

















200 
TUNGSTEN | 
100 ———3 
MOLYBDENUM 
0 | | 


200 400 60 800 
Temperature (°C) 


ELECTRONIC PROGRESS 











osmium 


certain properties, but still may not be economically 
justifiable. 

Electron tube technologists have long known that 
tungsten filaments fail in commercial vacua even at 
temperatures below 2000°C because of the so-called 
water cycle reaction. The filament first reacts with 
water vapor to form tungsten oxide and atomie hydro- 
gen. The volatile tungsten oxide then vaporizes from 
the filament and condenses on the cooler parts of the 
bulb. There it is reduced by atomie hydrogen to 
metallic tungsten with the re-formation of water. In 
a recent investigation at the Battelle Memorial Insti- 
tute, rhenium appeared to be from 10 to 200 times as 
resistant as tungsten to the water eycle reaction. 

The possibility that rhenium does not form a earbide 
was suggested as early as 1930. It was confirmed re- 
eently by a study of are-melted rhenium-carbon alloy, 
which showed alpha-rhenium to be in equilibrium with 
graphite. A eutectic reaction occurs at 2480°C and 
16.9 atomie percent carbon with alpha-rhenium con- 
taining about 11.7 atomic percent carbon at the 
eutectic temperature. This solubility of carbon in 
rhenium decreases rapidly to about 4.5 atomic percent 
at 2000°C. The absence of a carbide in the rhenium- 
carbon system is unique; other refractory metals such 
as tungsten, tantalum, molybdenum, and columbium 
form carbides and become excessively brittle after 
exposure to a carbonaceous atmosphere. This behavior 
of rhenium is probably associated with its relatively 
noble position in the periodic system, occupying the 
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post between tungsten and osmium (a platinum-group 
metal). 

Beeause boron-containing materials are potentially 
useful in electron tube technology, the search began 
to determine whether rhenium had as low a reactivity 
with boron as it had with carbon. At present, there is 
some preliminary evidence for the formation of a 
eutectic melting at about 2200°C. 

Rhenium is also outstanding with respeet to me- 
chanical properties. It remains relatively strong and 
ductile following heating above its reerystallization 
temperature (about 1750°C), while tungsten and 
molybdenum become brittle to the point of having 
little mechanical usefulness. The very high ductility 
of rhenium, whether previously heated or not, at room 
temperature permits the fabrication of complicated 
shapes without fracturing and allows the part to with- 
stand extreme mechanical shock and vibration after 
service at high temperatures. In addition, the elas- 
ticity modulus drops only twenty percent at 900°C 
from its room temperature value and elongation varies 
from a maximum 28 percent at room temperature to 
about 0.5 percent at 2000°C. 

Rhenium additions to molybdenum and tungsten 
have produced alloys that are stronger, as well as more 
ductile, than either unalloyed tungsten or molybde- 
num. These beneficial effects, however, are lost at high 
rhenium content, where a brittle sigma phase is 
formed. This phase, when present in more than small 
quantities, causes a rapid decrease in ductility. How- 
ever, the gain in ductility, fabricability, and strength 
imparted to tungsten and molybdenum at compositions 
ranging from 20 to 35 atomie percent rhenium should 
be of considerable interest in electron tube technology. 


Possible Applications of Rhenium 


IN THE ELECTRON TUBE INDUSTRY 


e Thoriated-rhenium cathode 

e Rhenium-plated nickel cathode 

e Rhenium-coated tungsten wire 

e Rhenium and rhenium-refractory metals alloys for 
filaments, sleeves, and other structural materials 

e Rhenium-titanium alloys for control grids and 
plates 

e Powdered rhenium in cermet-type cathode 


IN THE ELECTRICAL INDUSTRY 


e Thermocouple material for temperatures up to 
2500°C 

e Electrical contact material in relays, magnetos, 
and switches 

e Evaporation filament in vapor-phase coating 

e Ignition electrode in transmitting-receiving switch- 
ing tubes 
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And thus the fame of a recently uncovered dark 
horse has spread, a fame which will undoubtedly bring 
rhenium into more and more applications where per- 
formance is critical and quantity of material used is 
small. As rhenium is mated to such great performers 
as tungsten, molybdenum, nickel, tantalum, and co- 
lumbium, even more exciting results can be predicted. 


High-temperature strength, high ductility without 
excessive work hardening, high melting point, extreme- 
ly low vapor pressure, stability to water cycle reaction, 
stability in contact with carbon-bearing atmospheres, 
and ability to withstand mechanical and thermal 
shock will all become available in a fabulous racing 
stable of electronic materials. 


Thermal Chemical, and Electrical Properties of Rhenium 
Compared to those of Tungsten, Molybdenum, and Tantalum 






























































Rhenium Tungsten Molybdenum Tantalum 
3 ~ 
= Density (g/cc) 21.4 19.3 10.2 16.6 
Melting Point (°C) 3180 3410 2630 3000 
Vapor Pressure (mm Hg) 
2000°C 2x10-8 1x10-9 1x10-5 1x10-8 
2500°C 5x10-5 4x10-5 1x10-2 2x10-5 
c] 
E Specific Heat (cal / gr/°C) 
8 (0-100°C) 0.033 0.033 0.062 0.034 
rr 
Linear Coefficient of Expansion per °C (x10®) 
(20-1000°C) 6.8 47 5.1 6.5 
Thermal Conductivity (cal/cm2 /cm/sec/°C) 
(0-100°C) 0.17 0.394 0.34 0.13 
3 Reaction with Carbon none 800°C 800°C 1400°C 
E Reaction with Nitrogen none 1500°C 725°C 650°C 
& Reaction with Oxygen 400°C 400°C 400°C 1000°C 
Ultimate Tensile Strength (psi) 
Annealed 170,000 192,000 85,000 75,000 
Cold-worked, 20°C 330,000 500,000 260,000 180,000 
3 Cold-worked, 1000°C 124,000 100,000 55,000 a 
3 
= Elongation (% in 2 in.) 
3 Annealed 30 8 25 40 
Cold-worked 8 4 5 2 
Modulus of Elasticity 
(Ib/in2) x 108 67.5 52 42 27 
Electrical and Thermionic Properties of Rhenium 
Compared to those of Tungsten, Molybdenum, and Tantalum 
Rhenium Tungsten Molybdenum Tantalum 
Electrical Resistivity (“ ohm-cm) 
20°C 21.1 5.5 5.7 13.5 
3 1000°C 76.0 31.0 30.0 52.0 
= 2000°C 105.0 62.0 60.0 86.0 
s 2500°C 110.0 83.0 78.2 102.0 
ee 
Temperature Coefficient of Electrical 
Resistivity per °C (x103) 21 46 46 3.8 
(0-2300°C) 
Work function, eV 4.8 4.6 4.4 4.1 
Zz Electron Emission 
5 amp/cm2 (2600° K) 0.17 0.36 1.2 2.79 
E Secondary Electron Emission Coefficient 
2 (3 max) 1.3 1.4 1.2 1.4 
- Richardson Constant 
amp/cm2/ °K2 52 45 60 37 
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all, industry is aided in its own development planning. 
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And thus the fame of a recently uncovered dark 
horse has spread, a fame which will undoubtedly bring 


rhenium into more and more applications where per- 
formance is critical and quantity of material used is 
small. As rhenium is mated to such great performers 
as tungsten, molybdenum, nickel, tantalum, and co- 
lumbium, even more exciting results ean be predicted. 


Chemical Thermal Mass 


Mechanical 


Electrical 


Thermionic 


SS a _ 





High-temperature strength, high ductility without 
excessive work hardening, high melting point, extreme- 
ly low vapor pressure, stability to water cycle reaction, 
stability in contact with ecarbon-bearing atmospheres, 
and ability to withstand mechanical and thermal 
shock will all become available in a fabulous racing 
stable of electronic materials. 





















































Rhenium Tungsten Molybdenum Tantalum 
Density (g/cc) 21.4 19.3 10.2 16.6 
Melting Point (°C) 3180 3410 2630 3000 
Vapor Pressure (mm Hg) 

2000°C 2x10-8 1x10-9 1x10-5 1x10-8 

2500°C 5x10-5 4x10-5 1x10-2 2x10-5 
Specific Heat (cal / gr/ C) 

(0-100°C) 0.033 0.033 0.062 0.034 
Linear Coefficient of Expansion per °C (x10") 

(20-1000°C ) 6.8 47 &3 6.5 
Thermal Conductivity (cal/cm= /cm/sec/ °C) 

(0-100°C) 0.17 0.394 0.34 0.13 
Reaction with Carbon none 800°C 800°C 1400°C 
Reaction with Nitrogen none 1500°C 725°C 650°C 
Reaction with Oxygen 400°C 400°C 400°C 1000°C 
Ultimate Tensile Strength (psi) 

Annealed 170,000 192,000 85,000 75,000 

Cold-worked, 20°C 330,000 500,000 260,000 180,000 

Cold-worked, 1000°C 124,000 100,000 55,000 a 
Elongation (% in 2 in.) 

Annealed 30 8 25 40 

Cold-worked 8 4 5 2 
Modulus of Elasticity 

(Ib/in=) x 108 67.5 52 42 27 

Rhenium Tungsten Molybdenum Tantalum 
Electrical Resistivity (“ ohm-cm) 
20°C 21.1 5.5 SF 13.5 

1000°C 76.0 31.0 30.0 52.0 

2000 °C 105.0 62.0 60.0 86.0 

2500 °C 110.0 83.0 78.2 102.0 
Temperature Coefficient of Electrical 

Resistivity per °C (x10%) 2.1 4.6 4.6 3.8 

(0-2300°C) 

Work function, eV 4.8 4.6 4.4 4.1 
Electron Emission 

amp/cm= (2600° K) 0.17 0.36 1.2 2.79 
Secondary Electron Emission Coefficient 

(5 max) 1.3 1.4 1.2 1.4 
Richardson Constant 

amp/cm=/ °K- 52 45 60 37 
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In the technological contest currently being enacted on a 
world-wide basis, military planning of advanced weapons sys- 
tems, countermeasures, and defense networks plays a crucial and 
pivotal role. These technically demanding areas are the focus 
for large scale expenditures of time and money by industrial and 
academic research centers, as well as by the Armed Forces’ own 
development groups. The scientific advances that must still be 
made, and the numerous and oncredibly complex technical prob- 
lems that must be worked out in the interests of national defense 
will more and more require the closest cooperation between 
industry and the military. 

The very first step in achieving such cooperation is, of course, 
adequate dissemination of information on long-range military 
objectives and the attendant research planning already wnder 
way. Understandably, however, the dictates of national security 
interpose several problems to free spreading of information. 
These communication problems have been the object of much 
study and many attempts at solution are currently being made 
by all the Services. For the present, the Air Force seems to 
have solved part of its problem through the use of Technical 
Program Planning Documents, 


Established in mid-1955, the TPPD program ar- 
ranges for the annual release to qualified companies 
of selected Air Force studies. These Documents cover 
a large number of broad functional areas such as 
communications, navigation and guidance, materials. 
propulsion, electronic techniques and advanced 
weapons. Qualification for this program rests pri- 
marily on a company’s known integrity and demon- 
strated capability to participate advantageously, as 
well as on its possession of the appropriate security 
clearance. Participat‘on establishes a ‘‘need-to-know’’ 
on a broad basis for acvess to the classified material of 
this program, thereby placing responsibility on the 
individual company to safeguard these Documents and 
see that full security control is maintained while they 
are in-plant. 


For the Air Force these Documents serve to estab- 
lish and delineate its future objectives. They also 
identify the technical problems that must find solution 
before the objectives can be transformed into opera- 
tional realities. A valuable source of information for 
industry, the Documents provide the opportunity to 
relate the specific technical problems confronting Air 
Research and Development Command centers to a 
company’s own R & D capabilities, and encourage the 
submission of useful proposals. 


The advantages for both sides in this program are 
numerous. The Air Force broadens its contacts in the 
scientific community, while tapping the rich resources 
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of industry for research. The program provides a 
means for the solution of problems that couldn’t be 
tackled expeditiously within the Air Forece’s own 
facilities, as well as encouraging faster solution of all 
problems encompassed. One of the major advantages 
to the participating companies is the ‘‘need-to-know’’ 
that has been established. The additional information 
to which they have access provides a good indication 
of where future planning should be directed. More 
realistic research proposals are submitted, and, over- 
all, industry is aided in its own development planning. 

Each of these Technical Program Planning Docu- 
ments presents one specific military problem with all 
of its technical ramifications. It presents the material 
in four sections: 


1. A description and projection of the military problem in 
one particular technical or functional area some ten to 
fifteen years into the future, answering the questions: What 
is the particular type of mission, operation or activity that 
the USAF must be capable of accomplishing? 

2. An accounting of the Air Force’s present performance 
capabilities and limitations with respect to that military 
problem. 

3. A summary of proposed research innovations and sug- 
gested new techniques. 

4, A detailing of ARDC technical requirements and per- 
formance objectives. 


The TPPD program plays a further role by provid- 
ing participants access to pertinent ARDC centers and 
allowing for the interchange of additional information 
on research in progress. 


To maximize the usefulness of such a program to 
both the Company and the Air Force, the Documents 
should be widely known and readily accessible to any- 
one with the necessary security clearance and an in- 
terest in a given subject. At Raytheon this is achieved 
by distributing TPPD’s to a number of key research 
and development planning areas, as well as by provid- 
ing copies for the larger divisional libraries. The over- 
all program is coordinated through the Office of the 
Vice President, Engineering and Research. It is 
obviously desirable for the entire engineering and 
seientifie staff to be aware of this information source, 
to appreciate its potentialities, and to take full advan- 
tage of its availability. Used widely enough, the Tech- 
nical Program Planning Document may play a 
valuable role in stimulating creative engineering ideas, 
as well as filling one of the long standing needs of the 
planning groups. 













FOR 
GUIDED 
MISSILES 


SUBMINIATURE TUBES 


with RELIABILITY tT 


PROVED IN FLIGHT / 


YOUR COPY OF THIS 
NEW BOOKLET 


will be mailed when 
you say the word. It 
pictures and de- 
scribes the ad- 


Available to U.S. Navy Specifications 
Here are some of the features: 


Reduced vibration output ® 
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